"Amide formation avoiding poor atom economy reagents"^[@ref1]^ has been hailed as a high level challenge and in need of critical importance in organic chemistry due to the ubiquity of amide bonds in biologically active molecules.^[@ref2]^ Currently, solid-phase peptide synthesis^[@ref3]^ and native chemical ligation^[@ref4]^ are the most used amide forming transformations involving stereochemically complex products.^[@ref5]−[@ref8]^ Solid-phase peptide synthesis, however, uses superstoichiometric amounts of coupling reagents and is thus not economical. Catalytic methods^[@ref9]^ based on boronic acids,^[@ref10]^*N*-heterocyclic carbenes,^[@ref11]^ and transfer hydrogenation^[@ref12]−[@ref14]^ have limited or no adaptation to more complex targets that present Lewis basic functionality and stereochemical complexity; in cases where turnover is documented, reagent loadings increase substantially as substrate complexity increases. Hence, it remains a challenge to prepare complex α-amino amides relying solely on enantioselective catalysis and amide formation using substoichiometric promoters.^[@ref2],[@ref5],[@ref15]^

We recently reported a unique method to prepare amides from an α-bromo nitroalkane and amine using *N*-iodosuccinimide (NIS) under semiaqueous conditions, typically in THF with 5 equiv of H~2~O.^[@ref16]^ The fact that the α-bromonitroalkane in these transformations is a functional equivalent of an acyl anion led us to suggest the term Umpolung Amide Synthesis (UmAS).^[@ref17]^ When the chiral proton catalyzed aza-Henry reaction is used to prepare the α-bromonitroalkane components, chiral α-amino acids, specifically aryl glycines,^[@ref18]^ can be accessed in high enantiomeric excess.^[@ref16]^ The Henry reaction was deployed using a similar strategy to develop an enantioselective α-oxy amide synthesis.^[@ref19]^ Concomitant with the development of these new reactions, we sought knowledge related to the mechanism of UmAS. Formation of a tetrahedral intermediate was posited on evidence for the formation of nucleophilic nitronate and electrophilic *N*-halamine. More recently, two pathways from the putative tetrahedral intermediate to an amide product were outlined, supported by isotopic labeling studies (Scheme [1](#sch1){ref-type="scheme"}).^[@ref20]^ These findings served as the basis for the studies described here which document the feasibility of UmAS using substoichiometric NIS. Minimization of the cost and waste generation associated with amide and peptide synthesis based solely on enantioselective methods is a widely regarded goal.^[@ref1]^

Our initial studies of amide formation from α-bromonitroalkanes uniformly required a full equivalent of *N*-iodosuccinimide, or an alternative electrophilic halonium source, in order to achieve complete conversion and the highest yields. This finding was more rigorously affirmed following the discovery of the mechanistic bifurcation outlined in Scheme [1](#sch1){ref-type="scheme"}.^[@ref21]^ An experimental protocol was designed to track substrate conversion (^1^H NMR analysis of crude reaction mixtures) and the isolated yield (to corroborate conversion estimates), and these two measures tracked closely with one another at high levels of NIS (Table [1](#tbl1){ref-type="other"}).^[@ref22]^ When the reaction setup rigorously excluded oxygen (i.e., three freeze--pump--thaw cycles ending with an argon backflush) and maintained an identical overall reaction time, increasing NIS loadings led to increasing isolated yields of amide, reflecting the trend normally observed (Table [1](#tbl1){ref-type="other"}, entries 1--5). The crude reaction mixtures of an experiment series with low NIS loadings (≤20 mol %, Table [1](#tbl1){ref-type="other"}, entries 5--7) were suggestive of the sacrificial role that the substrate might play as an electrophilic halogen (bromonium ion) source, since debrominated nitroalkane (**5**) was observed in these experiments. In these cases, the substrate acts competitively as a bromonium source, leading to higher than expected yields for the 0 and 10 mol % NIS experiments as well as the nonlinear trend observed below 20 mol % NIS (Figure [1](#fig1){ref-type="fig"}). At higher NIS loadings (≥30 mol %), **5** was not observed, signaling that the substrate contributes negligibly as a bromonium source; in this regime, a linear relationship is observed between the yield and NIS loading. This behavior suggests that the substrate only acts as the bromonium source when the reaction is starved of NIS leading to two different pathways (iodonium- vs bromonium-mediated) to form the halamine.
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###### Investigation of NIS Reagent Loading Under Anaerobic and Aerobic Conditions: Catalyzed Umpolung Amide Synthesis

![](ol-2014-02089v_0005){#fx1}

  entry[a](#t1fn1){ref-type="table-fn"}   O~2~[b](#t1fn2){ref-type="table-fn"}   NIS amount (mol %)   yield (%)[c](#t1fn3){ref-type="table-fn"}
  --------------------------------------- -------------------------------------- -------------------- -------------------------------------------
  1                                       no                                     100                  69
  2                                       no                                     75                   52
  3                                       no                                     50                   36
  4                                       no                                     30                   25
  5                                       no                                     20                   20
  6                                       no                                     10                   20
  7                                       no                                     0                    19
  8                                       yes                                    20                   76
  9                                       yes                                    10                   73
  10                                      yes                                    5                    76
  11                                      yes                                    1                    55
  12[e](#t1fn5){ref-type="table-fn"}      yes                                    0                    51
  13[e](#t1fn5){ref-type="table-fn"}      yes[d](#t1fn4){ref-type="table-fn"}    5                    69

Reactions are 0.2 M in nitroalkane and employ 1.2 equiv of amine and 5 equiv of H~2~O and run for 24 h. Under anaerobic conditions (entries 1--7), NIS was added once the nitroalkane was no longer visible by TLC, indicating that the nitronate predominated (see [Supporting Information](#notes-1){ref-type="notes"}).

All solutions were first degassed (freeze--pump--thaw cycles), and entries not using oxygen were performed under an argon atmosphere (balloon), whereas entries using oxygen were performed under an oxygen atmosphere (balloon).

Isolated yield.

Open to air.

48 h reaction time.

![Correlation of electrophilic halogen loading and amide yield under anaerobic conditions.](ol-2014-02089v_0002){#fig1}

A separate investigational line was aimed at the effect of an oxygen atmosphere under carefully controlled conditions, vis-à-vis, reaction degassing followed by an oxygen atmosphere (balloon). The use of a 20 mol % NIS loading in an otherwise identical reaction (cf. Table [1](#tbl1){ref-type="other"}, entry 5) to which a balloon of oxygen was attached led to complete substrate conversion and isolation of the amide in 76% yield (Table [1](#tbl1){ref-type="other"}, entry 8). It was further discovered that the magnitude of turnover under these conditions can be quite high, as the amide was isolated in 55% yield when 1 mol % NIS was used (Table [1](#tbl1){ref-type="other"}, entry 11). We therefore examined, under oxygen-rich conditions, the possibility that the substrate might substitute for NIS to form the necessary halamine intermediate to initiate the reaction. Indeed, amide was isolated in 51% yield in the absence of a halonium source (Table [1](#tbl1){ref-type="other"}, entry 12). The rate of amide production in this reaction was noticeably slower. The role of oxygen is critical for turnover, as the corresponding experiment under anaerobic conditions (no NIS) provided a 19% yield of the amide product (Table [1](#tbl1){ref-type="other"}, entry 7). The reaction also proceeds with a less oxygen-rich atmosphere, although at a slower rate (Table [1](#tbl1){ref-type="other"}, entry 13).

The behavior outlined in Table [1](#tbl1){ref-type="other"} is consistent with the intermediates and pathways depicted in Scheme [2](#sch2){ref-type="scheme"}. Recombination of the two radicals under anaerobic conditions leads to an alkyl nitrite that can hydrolyze to amide. The coproducts of this step are formally nitrite and bromide. Aerobic conditions, however, provide for formation of an alkyl peroxy intermediate competitive with nitrite formation.^[@ref23]^ A straightforward balance of **7** and ·NO~2~ with amide products leads to the elements of bromonium nitrate. Hence, aerobic conditions and NIS lead to the production of an equivalent of electrophilic bromine (or iodine), in contrast to anaerobic conditions that lead to an equivalent each of bromide and iodide. The finer details remain to be clarified, as several pathways can be drawn from **7** to amide, consistent with oxidation of bromine, or oxidation of iodide to iodonium (e.g., I--Br) to form the key electrophilic halamine in a subsequent cycle.^[@ref24]^ Nitrite radicals have been shown in the literature to react with superoxide,^[@ref23]^ and XONO~2~ (X = Cl, Br, I) compounds are known to form via radical processes.^[@ref25]^ The proposed formation of BrONO~2~ is of particular interest, as this species can oxidize iodide to iodonium. The uncertainty surrounding the actual redox pathway leading from **7** to amide may be of more academic value, and it may be difficult to discern whether iodonium or bromonium is the actual propagating species (or whether they are mutually exclusive). However, we have noted that reactions using NIS exhibit both faster conversion and less complex crude reaction mixtures than alternatives.^[@ref26]^
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Notwithstanding this uncertainty, analysis of the aerobic UmAS protocol substoichiometrically in NIS was evaluated in several existing UmAS contexts. A direct comparison of UmAS couplings of α-bromonitroalkanes and α-methyl benzyl amine led to comparable yields in most cases (Table [2](#tbl2){ref-type="other"}). Several examples provided a higher yield of amide using aerobic conditions and a 5 mol % NIS loading. The yield was significantly lower (e.g., 66% vs 51% yield) in only two cases when using substoichiometric NIS (Table [2](#tbl2){ref-type="other"}, entries 5--6). A similar trend was observed when a range of functionalized amines were compared using the two protocols (Table [3](#tbl3){ref-type="other"}).

###### NIS-Catalyzed Umpolung Amide Synthesis: Scope of Bromonitroalkane
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All reactions were conducted using bromonitroalkane (1 equiv, 0.2 M in DME), amine (1.2 equiv), K~2~CO~3~ (2 equiv), and H~2~O (5 equiv) at 0 °C. Entries 5--8 were \>20:1 dr.

5 mol % NIS was used in the presence of an O~2~ balloon.

1 equiv of NIS was used.

Isolated yields.

10 mol % NIS was used.

###### NIS-Catalyzed Umpolung Amide Synthesis: Scope of Amine
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All reactions were conducted using bromonitroalkane (1 equiv, 0.2 M in DME), amine (1.2 equiv), K~2~CO~3~ (2 equiv), and H~2~O (5 equiv) at 0 °C. Entries 6--8 were \>20:1 dr.

5 mol % NIS was used in the presence of an O~2~ balloon.

1 equiv of NIS was used.

Isolated yields.

In conclusion, consideration of a mechanistic hypothesis that Umpolung Amide Synthesis under aerobic conditions provides a pathway to electrophilic halonium regeneration resulted in the development of a protocol using substoichiometric *N*-iodosuccinimide. The protocol described here does not require reagent excess and avoids the production of coproducts that present purification issues. The fact that the overall route from bromonitromethane to chiral nonracemic α-amino amide is substoichiometric in all components, except for the base (K~2~CO~3~) and oxygen, provides a two-step solution for a catalytic, enantioselective synthesis of α-amino amides and peptides.

Experimental procedures and spectroscopic data for all new compounds. This material is available free of charge via the Internet at <http://pubs.acs.org>.
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